Using the wealth of ∼24 yr multiband data, we present an in-depth study of the star-spot cycles, surface differential rotations (SDR), optical flares, evolution of star-spot distributions, and coronal activities on the surface of young, single, main-sequence, ultrafast rotator LO Peg. From the long-term V-band photometry, we derive rotational period of LO Peg to be 0.4231 ± 0.0001 d. Using the seasonal variations on the rotational period, the SDR pattern is investigated, and shows a solar-like pattern of SDR. A cyclic pattern with period of ∼2.7 yr appears to be present in rotational period variation. During the observations, 20 optical flares are detected with a flare frequency of ∼1 flare per two days and with flare energy of ∼10 31-34 erg. The surface coverage of cool spots is found to be in the range of ∼9-26 per cent. It appears that the high-and low-latitude spots are interchanging their positions. Quasi-simultaneous observations in X-ray, UV, and optical photometric bands show a signature of an excess of X-ray and UV activities in spotted regions.
I N T RO D U C T I O N
Stars with spectral type from late-F to early-K have a convective envelope above a radiative interior with an interface where strong shear leads to amplification of magnetic fields. Observations of these stars provide good constraints on present theoretical dynamo models, which are developed on the basis of the Sun. The solar activity cycle is believed to be generated through dynamo mechanism operating either in the convection zone or in the stably stratified layer beneath it. Stars with a similar internal structure to that of the Sun are also expected to show the solar-type dynamo operation. The strong dynamo in solar-type stars leads to rich variety of magnetic activities such as surface inhomogeneities due to the presence of dark spots, short-and long-term variations in spot cycles, and flares.
Dark spots move across the stellar disc due to the stellar rotation and thus modulate the total brightness with the rotational period of the star which in turn allows us to derive the stellar rota- E-mail: subhajeet09@gmail.com, subhajeet@aries.res.in (SK); jeewan@aries.res.in (JCP); igs231@mail.ru (ISS) tional period. The spots on the stellar surface have been imaged by using a variety of techniques like Doppler imaging (Vogt & Penrod 1983) and interferometric technique (Parks et al. 2011 ). However, high-resolution spectroscopic observations with a high-signal-tonoise ratio and a good phase coverage as required for Doppler imaging are limited. Further, the Doppler imaging technique can only be applied for fast-rotating stars with low inclination, whereas, the interferometric technique can be used for nearby stars of large angular size. The vast majority of spotted stars cannot be imaged with either of these techniques. Therefore, long-term traditional photometric observations are important to understand the active region evolution and the stellar activity cycles (e.g. Järvinen, Berdyugina & Strassmeier 2005b; Oláh et al. 2009; Roettenbacher et al. 2013) . Since a light curve represents a one-dimensional time series, the resulting stellar image contains information mostly in the direction of rotation, i.e. in the longitude, rather than spot size and locations in the latitude (Savanov & Strassmeier 2008) . Although the projection effects and limb darkening allow the inversion technique to recover more structures than is obvious at first glance. The surface differential rotations (SDR) in these stars can be determined by measuring the rotational period of stars with spots. Several authors in the past have studied SDR in solar-type stars using long-term photometry (e.g. Baliunas & Vaughan 1985; Hall 1991; Walker et al. 2007; Reinhold, Reiners & Basri 2013; Reinhold & Arlt 2015) . Since spots cover a limited range of latitudes on the stellar surface; therefore, amplitudes of SDR derived with this method give the lower limits. The season-to-season variations of the rotational period as measured from spectrophotometric (Donahue & Dobson 1996) or broad-band photometric observations can be termed as a proxy of stellar butterfly diagram. In analogy with the Sun, such diagrams are interpreted in terms of migration of activity centres towards latitudes with different angular velocities. Another consequence of stellar magnetic activities are flares, which are the result of reconnection of magnetic field lines at coronal height. Flares are explosions on the stellar surface releasing huge amount of the magnetic energy stored near star-spots in the outer atmosphere of stars (e.g. Gershberg 2005; Benz & Güdel 2010; Shibata & Magara 2011) . Observationally flares are detected over all frequencies of the electro-magnetic spectrum. The average flare duration is 10 2-4 s (Kuijpers 1989 ). The total energy released during a flare (in all wavelengths) is 10 34-36 erg, i.e. 10 2-4 times more powerful than the solar analogue (Byrne & McKay 1989) .
In this paper, we have investigated an active, young, single, mainsequence, K5-8 type ultrafast rotator (UFR) LO Peg. LO Peg has been an interesting object to study over the last two decades. From photometric observations, Barnes et al. (2005) derived a rotational period of 0.423 23 d. A presence of strong flaring activity was also identified by Jeffries et al. (1994) and Eibe et al. (1999) from H α and He I D3 observations. Taş (2011) found evidence of flares in the optical band. Doppler imaging of LO Peg showed evidence of high polar activities (Lister, Collier Cameron & Bartus 1999; Barnes et al. 2005; Piluso et al. 2008) . Several photometric, polarimetric, and X-ray studies were also carried out by Dal & Taş (2003) , Pandey et al. (2005) , Pandey et al. (2009) , Csorvási (2006) , and Taş (2011) . The above results encouraged us to collect all available data and analyse them with the aim to establish whether the star exhibits active longitudes and cyclic behaviour in spot patterns and overall spot activity.
The paper is organized as follows: in Section 2 we provide details on observational data sets and discuss the data analysis techniques. In Section 3, we present our analysis and results on light curves, SDR, flaring activity, surface inhomogeneity, and coronal activities. Finally, we discuss all the results in the light of present understanding in Section 4 and a brief summary of our results is given in Section 5.
O B S E RVAT I O N S A N D DATA R E D U C T I O N

Optical data
We observed LO Peg on 30 nights between 2009 October 25 and 2013 December 18 in Johnson U, B, V, and R photometric bands with the 2-m IUCAA Girawali Observatory (IGO; see Das et al. 1999 ), 1.04-m ARIES Sampurnanand Telescope (ST; see Sinvhal et al. 1972) , and 0.36-m Goddard Robotic Telescope (GRT; see Sakamoto et al. 2009 ). The exposure time was between 5 and 60 s depending on the seeing condition, filter, and telescope used. Several bias and twilight flat frames were taken in each observing night. Bias subtraction, flat-fielding, and aperture photometry were performed using the standard tasks in IRAF.
1 In order to get the standard 1 http://iraf.net magnitude of the program star, differential photometry had been adopted, assuming that the errors introduced due to colour differences between comparison and program stars are very much small. We have chosen TYC 2188-1288-1 and TYC 2188-700-1 as the comparison and check stars, respectively. The differences in the measured U, B, V, and R magnitudes of comparison and check stars did not show any secular trend during our observations. The nightly means of standard deviations of these differences were 0.009, 0.008, 0.008, and 0.007 mag in U, B, V, and R bands, respectively. This indicates that both the comparison and check stars were constant during the observing run. The standard magnitudes of comparison and check stars were taken from Naval Observatory Merged Astrometric Dataset (NOMAD) Catalogue (Zacharias et al. 2004 ). The derived photometric uncertainties for program star, check star, and comparison star were propagated to get the final photometric uncertainty of LO Peg. We have compiled various other available data sets in U, B, V, and R band from literature (Jeffries et al. 1994; Pandey et al. 2005 Pandey et al. , 2009 Taş 2011) and from archives to supplement our data sets. The archival data were taken from Hipparcos 2 (Perryman et al. 1997 Hipparcos observations spanned over ∼3 yr from 1989 November 27 to 1992 December 15. The Hipparcos magnitude (V H ) was converted to Johnson V magnitude by using the relation V = V H − (V − I) c , where (V − I) c is the catalogue value corresponding to the colour (V − I). With a (V − I) colour of 1.288 mag for G-M dwarfs, we get the (V − I) c value of LO Peg to be 0.124 mag. ASAS survey was done in V band and has a much longer observing span of ∼7 yr (2003 ( April 26-2009 October 1). In the ASAS observations, we have used only 'A' and 'B' grade data within 1 arcsec of the star LO Peg. ASAS photometry provides five sets of magnitudes corresponding to five aperture values varying in size from 2 to 6 pixels in diameter. For bright objects, Pojmanski (2002) suggested that these magnitudes corresponding to the largest aperture (diameter 6 pixels) are useful. Therefore, we took magnitudes corresponding to the largest aperture for further analysis. SuperWASP observations of LO Peg during 2004 May 3 to 2006 June were unfiltered which were not useful for our study (see Pollacco et al. 2006) . A broad-band filter with a pass-band from 400 to 700 nm (known as SuperWASP V band) was installed on 2006 June. In our analysis, we make use of the data taken from 2006 June, onwards. Since the SuperWASP data were taken in a broader band than the Johnson V band; it is necessary to convert SuperWASP band magnitude (V W ) to Johnson V magnitude. Fortunately, the Landolt standard field TPHE with seven standard stars was observed by SuperWASP. Fig. 1 shows the plot between V and V W of Landolt standard stars, where the continuous line shows the best-fitting straight line. We derived the relation between V and V W as V = V W − 0.09, and converted the V W magnitude into V. Further, we have restricted our analysis within magnitude error less than or equal to 0.04 mag both in ASAS and SuperWASP data. Including present observations along with the data compiled from literature and archive, LO Peg was observed for ∼24.1 yr from 1989 to 2013. The XRT exposure time of LO Peg ranges from 0.3 to 5.0 ks. X-ray light curves and spectra of LO Peg were extracted from on-source counts obtained from a circular region of 36 arcsec on the sky centred on the X-ray peaks. Whereas, the background was extracted from an annular region having an inner circle of 75 arcsec and outer circle of 400 arcsec co-axially centred on the X-ray peaks. The X-ray light curves and spectra for the source and background were extracted using the XSELECT package. In order to see the long-term Xray variation, we converted ROSAT Position Sensitive Proportional Counter (PSPC) count rate (Pandey et al. 2005) to Swift XRT count rate with multiple component models of WEBPIMMS (see Section 3.5 for further details). Simultaneous observations of LO Peg with Swift UVOT were carried out in uvw2 (192.8 nm) , uvm2 (224.6 nm), and uvw1 (260.0 nm) filters (Roming et al. 2005 ) with exposure times between 0.02 and 3.06 ks. UV light curves were extracted using the UVOTMAGHIST task.
A NA LY S I S A N D R E S U LT S
Optical light curves and period analysis
Fig . 2 shows the multiwavelength light curves of LO Peg where bottom four panels indicate the optical U, B, V, and R photometric bands. The optical light curves display high amplitude both in shortterm and long-term flux variations. The most populous V-band data was analysed for the periodicity using Scargle-Press period search method (Scargle 1982; Horne & Baliunas 1986; Press & Rybicki 1989) available in the UK Starlink PERIOD package (version-5.0-2; see Dhillon, Privett & Duffey 2001) . Top panel of Fig. 3(a) shows the power spectra obtained from Scargle periodogram. We have also calculated the False Alarm Probability (FAP) for any peak frequency using the method given by Horne & Baliunas (1986) . The significance level of 99.9 per cent is shown by continuous horizontal line in the Fig. 3 . Large and almost periodic gaps in the data set led to further complications in the power spectrum. True frequencies of the source were further modulated by the irregular infrequent sampling defined by window function of the data. In order to resolve this problem, we have computed window function with the same time sampling and photometric errors of the actual light curve, but contains only a constant magnitude as the average magnitude of the data (9.250 mag). We have repeated the process with many realization of noise, where we have generated 1000 random numbers within 3σ range of the mean value and taking these value as a constant we computed each periodogram. The resulting periodograms were averaged and shown in bottom panel of Fig. 3 . In Scargle power spectra the peak marked as 'S' corresponds to the rotational period of 0.422 923 ± 0.000 005 d, where the uncertainty in period was derived using the method given by Horne & Baliunas (1986) . The uncertainty in the derived period was very small (<1 s) due to the long base line of unevenly sample data. Further, there was a large gap in the data. Therefore, we derived the rotational period and corresponding error by averaging the seasonal rotational periods (see Section 3.2). The value of mean seasonal rotation period was found to be 0.4231 ± 0.0001 d. Two other smaller peaks at periods of ∼0.212 d and ∼0.846 d were identified in the power spectra as the harmonic and sub-harmonic, respectively. The former may indicate the existence of two active regions over the surface of LO Peg, whereas the later appears due to repeated occurrence of the same spot at multiple of its period. In order to search for the long-term periodicity, we have zoomed the lower frequency range of Fig. 3(a) and shown in Fig. 3(b) . Several peaks were found above the 99.9 per cent confidence level, these peaks are marked by Li, where i = 1 to 11. However, many of the peaks were found under window function (see shaded region of Fig. 3b ). Peaks corresponding to the periods L3 and L4 did not fall under the window function. Further, we have folded the data in each period and found periodic modulation only for periods 5.98 and 2.2 yr corresponding to L2 and L3. To avoid the modulation due to its rotation, we have made one point of every five-rotation period (∼2 d). Further, the light curve evolved over a long time; therefore, for folding the data on the long periods, we have split the light curves for different time segments such that each segment has a length of minimum to those long periods. The top and bottom panels of Fig 4 show the folded light curves on periods 5.98 and 2.2 yr for different time segments, respectively. For the period 5.98 yr, we found only three time segments of ∼6 yr. For 2.2 yr period, we could make only four time segments of each 
Surface differential rotation
The visibility of photospheric star-spots is modulated by stellar rotation which causes quasi-periodic brightness variations on timescales of the order of the rotational period. The modulation period indicates the angular velocity of the latitude at which starspot activity is predominantly centred. Since the circumpolar spots will not affect the rotational modulation, with an inclination angle (i) of 45.
• 0 ± 2.
• 5 on LO Peg (Barnes et al. 2005; Piluso et al. 2008 ), any modulation observed on stellar surface would be only due to the spot groups present within a latitude of ±45
• from the stellar equator. Similar to the solar case, the year to year variations of the rotational period can be described as the migration of stellar activity centres towards latitudes possessing different angular velocity. This migration is caused by the internal radial shear, which is assumed to be coupled with observed latitudinal shear (e.g. in α − dynamo model).
In order to search for any change in the rotational period, we have determined photometric period of each observing season separately. We have chosen the observing seasons to derive the period due to the fact that the brightness of star in each season Notes. a Detected star-spot cycles of 2.7 ± 0.1 yr (shown in bottom panel of Fig. 5a ). N 0 is the number of data points during each season, V avg is the average V-band magnitude in each season, P sr is the seasonal rotational period, and FAP is false alarm probability.
showed regular modulation which could be attributed to rotation of a stationary spot pattern of the star. Smaller time interval and hence smaller baseline introduces large uncertainty in determination of photometric period, whereas larger time intervals shows a significant change in shape of the light curve. In case of the sparse data obtained from Hipparcos satellite, the interval were chosen similar to the maximum data length of 0.7 yr obtained from ground-based observations. In this way we could obtain 18 seasonal light curves,
and average values of each seasonal light curve are shown in the top panel of Fig. 5 along with the time sequence of V-band magnitudes of LO Peg. Each seasonal data were analysed using the ScarglePress period search method. The uncertainty in photometric period and FAP were calculated following the method of Horne & Baliunas (1986) . In the bottom panel of Fig. 5(a) , we plot the seasonal values of the measured rotational periods (P sr ) and the results are summarized in Table 2 . These modulation periods correspond to the angular velocity of the latitudes at which non-circumpolar spot groups are present. Fig. 5(b) shows the Scargle power spectra of the measured seasonal rotational periods. Within the Nyquist frequency of 0.001 24, we found maximum peak in the Scargle-Press periodogram is above 90 per cent significance level and has an periodicity of 2.7 ± 0.1 yr. This period is well within 3σ level of the identified periodicity of brightness variation (see Section 3.1). In ∼24 yr of observations nine cycles of 2.7 yr period can be made, where we have detected six full cycles and one incomplete cycle (II). We found that the rotational period tends to decrease steadily during an 'cycle' of ∼2.7 yr, and jumping back to a higher value at the beginning of a new cycle. The abrupt changes in period of cycle-I may be a result of the sparse data set obtained from Hipparcos satellite. However, in cycle-VII, we did not see any noticeable change in the rotational period.
Flare analysis
Flares in LO Peg were searched using U, B, V, and R data. For this analysis, we have converted the magnitude into flux using the zero-points given in Bessell (1979) . Fig. 6 shows two consecutive representative flares observed simultaneously in all four optical bands. The first flare was detected in all four bands while next flare was not detected in longer wavelengths (V and R band). Thus, a flare detected in one band is not necessarily detected in each of the optical bands. Due to the sparse data, we have not followed the usual flare detection methods as described in Osten et al. (2012) , Hawley et al. (2014) , and Shibayama et al. (2013) . We have chosen different epochs such that, each epoch contains a continuous single night observation with at least 16 data points and minimum observing span of ∼1 h. A total of 501 epochs were found using the most populous V-band data, among which only 82 epochs have simultaneous observations with other three optical bands. The light curve of each epoch was first detrended to remove the rotational modulation by fitting a sinusoidal function. The local mean flux (F lm ) and standard deviation (σ ql ) of the flux were then computed at each time-sampled data set. To avoid misdetection of short stellar brightness enhancement as a flare, candidate flares were flagged as excursions of two or more consecutive data points above 2.5σ ql from F lm (see Davenport et al. 2014; Hawley et al. 2014; Lurie et al. 2015) with at least one of those points being ≥3σ ql above F lm in any of the optical band. Once the flare was detected using the above criteria, the flare segment was removed to calculate the exact value of σ ql , where most of the flares were identified above the 3σ ql from the quiescent state. This derived value of σ ql was not used for further flare identification. Finally, each flare candidate, in each photometric band was inspected manually to confirm it as real flares. In this way, we have detected 20 optical flares. Flare nomenclatures were given as 'Fi', where i = 1, 2, 3,..., 20; denotes the chronological order of the detected flares. Flare parameters of all the detected flares are listed in Table 3 . Fig. 7 shows flares detected in V band, where top panels of each plot show V-band magnitude variation during flares along with the fitted sinusoidal function and bottom panels show the detrended light curve with best-fitted exponential function. Most of the flares of LO Peg show usual fast rise (impulsive phase) followed by a slower exponential decay (gradual phase). The e-folding rise (τ r ) and decay times (τ d ) have been derived from the least-squares fit of the exponential function in the form of F (t) = A pk e (t pk −t)/τ + F lm from flare-start to flare-peak, and from flare-peak to flare-end, respectively. In the fitting procedure A pk (= F pk − F lm ), F lm and t pk were fixed parameters. Here, F pk is flux at flare peak at time t pk . For the flare F13, the peak was not observed, therefore, the parameters A and t pk were also kept as free parameters in exponential fitting. In order to get a meaningful fit, we restricted our analysis to those flares which contain more than two data points in rise/decay phase. The fitted values of τ r and τ d are given in columns 10 and 11 of Table 3 . The values of τ r were found to be in the range of 0.3-14 min with a median value of 2.5 min. Whereas, values of τ d were derived in the range of 0.4-22 min, with a median of 3.3 min. Most of the time τ d was found to be more than τ r .
The amplitude of a flare is defined as
The amplitude of the flare is thus measured relative to the current state of the underlying star, including effects from star-spots, and represents the excess emission above the local mean flux. The highest amplitude of 1.02 was found in the long-lasting flare F13, while smallest amplitude of 0.016 was found for a small duration flare indicating that long-lasting flares are more powerful than small duration flares. The duration (Dn) of a flare is defined as the difference between the start time (the point in time when the flare flux starts to deviate from the local mean flux) and the end time (when the flare flux returns to the local mean flux). The start and end times for each flare were obtained by manual inspection. Flare durations are found within a range of 12-202 min with a median value of 47 min. Flare start time, flare peak time, flare durations, and flare amplitudes are given in fourth, sixth, fifth, and ninth column of Table 3 . The flare energy is computed using the area under the flare light curve i.e. the integrated excess flux (F e (t)) released during the flare as
With a distance (d) of 25.1 pc for LO Peg (Perryman et al. 1997) , the derived values of energy in different filters for all detected flares are given in column 12 of Table 3 . The flare energies are found in between 9 × 10 30 erg and 1.54 × 10 34 erg. The most energetic flare is the longest flare. Since the total energy released by the flare must be smaller than (or equal to) the magnetic energy stored around the star-spots (i.e. E flare ≤ E mag ), the minimum magnetic field can be estimated during the flare as E mag α B 2 l 3 . Assuming the loop-length of typical flares on G-K stars are of the order of 10 10 cm (see Güdel et al. 2001; Pandey & Singh 2008) . The minimum magnetic field in the observed flares are estimated to be 0.1-3.5 kG.
Surface imaging with light-curve inversion technique
In order to determine locations of spots on the stellar surface, we have performed inversion of the phased light curves into stellar images using the light-curve inversion code (IPH; see Savanov & Strassmeier 2008; Savanov & Dmitrienko 2011) . The model assumes that, due to the low spatial resolution, the local intensity of the stellar surface always has a contribution from the photosphere (I P ) and from cool spots (I S ) weighted by the fraction of the surface covered by spots, i.e. the spot-filling factor f by the following relation: I = f × I P + (1 − f) × I S ; with 0 < f < 1. The inversion of a light curve results in a distribution of the spot-filling factor (f) over the visible stellar surface. Although this approach is less informative than the Doppler imaging technique (see Strassmeier & Bartus 2000; Barnes et al. 2005; Piluso et al. 2008) ; however, analysis of long time series of photometric observations allows us to recover longitudinal spot patterns and study of their long-term evolution.
We could make 47 time intervals by manual inspection such that each interval had a sufficient number of data points and had no noticeable changes in their shape. Individual light curves were analysed using the IPH code. Several sets of time interval contain a large number of observations within it (e.g. set 33 includes 1007 measurement), in those cases we divided the time axis of the phase diagram into 100 bins and averaged the measurements. In our modelling, the surface of the star was divided into a grid of 6
• × 6
• pixels (unit areas), and the values of f were determined for each grid pixel. We adopt the photospheric temperature of LO Peg to be ∼4500 K (see Pandey et al. 2005 ) and the spot temperature to be 750 K lower than the photospheric temperature (Piluso et al. 2008; Savanov & Dmitrienko 2011) . The stellar astrophysical input includes a set of photometric fluxes calculated from atmospheric model by Kurucz (1992) as a function of temperature and gravity. For LO Peg, the 'i' was precisely determined with the analysis of a very extensive set of high-resolution spectra (see Barnes et al. 2005; Piluso et al. 2008) , therefore, in our reconstruction of the temperature inhomogeneity maps we safely fixed the inclination angle at 45
• . Various test cases were performed to recover the artificial maps and include data errors and different input parameter errors which demonstrate the robustness of our solution to various false parameters. Fig. 8 shows the reconstructed temperature inhomogeneity maps of LO Peg, which reveal that the spots have a tendency to concentrate at two longitudes corresponding to two active regions on the stellar surface. The difference between two active longitudes was found to be inconstant. The uncertainty in the positions of the active longitudes on the stellar surface was on average of about 6
• (or 0.02 in phase). The derived stellar parameters active longitude regions (ψ 1 , ψ 2 ), spottedness (Sp), and V-band amplitudes (A LI ) corresponding to each surface brightness map shown in Fig. 8 are plotted with HJD in Fig. 9 . The filled and open circles in Fig. 9(b) show high and low active regions, respectively. The derived parameters are also given in Table 4 . First three surface maps were created with the sparse data of Hipparcos satellite, and to create good-quality maps, data of ∼2, ∼0.5, and ∼0.5 yr were used. We get a signature of presence of two equal spot groups ∼170
• apart in first two years (1989 to 1991) , whereas the presence of single spot group was indicated with the surface map of the third year (1992) . The total area of the visible stellar surface covered by spots, known as spottedness (Sp), varies within a range of 8.8-25.7 per cent (see Fig. 9c ), with a median value of 16.3 per cent. From the year 2001 to 2005, it was found to decrease until its minimum in 2003 August, and then return to its median value in 2005. It remained constant for ∼4 yr at this value, and then increased to reach its maximum. Further the spottedness of the star has returned to its median value again. The time interval of returning to its median value was approximately same as 4 yr. As seen in Fig. 9(d) , the amplitude of the brightness varies within a range 0.06-0.19 mag, with a median value of 0.12 mag.
Coronal and chromospheric features
The background subtracted X-ray light curves of LO Peg as observed with Swift XRT and ROSAT PSPC instruments are shown in the top panel of Fig. 2 . The temporal binning of the X-ray light curves are 100 s. XRT light curves were obtained in energy band 0.3-10.0 keV, whereas ROSAT light curves were obtained in an energy band 0.3-2.0 keV. ROSAT PSPC count rate were converted to Swift XRT count rate using WEBPIMMS 5 , where we assumed two temperature components 0.27 and 1.08 keV and 0.2 solar abundances. To check for the variability, the significance of deviations from the mean count rate were measured using the standard χ 2 -test. For our X-ray light curves, derived value of χ 2 is 664 which is very large in comparison to the 190 degrees of freedom (χ 2 ν = 3.5). This indicates that LO Peg is essentially variable in X-ray band.
On one occasion (ID: 00037810011), sudden enhancement of Xray count rates was detected along with a simultaneous enhancement in UV count rates in each of the UV filters. This enhancement could be due to flaring activity, where flare peak count rates were ∼3 times higher than a quiescent level of 0.20 counts s −1 . The close inspection of the X-ray light curve shows the decay phase of the flare. We could not analyse this flare due to poor statistics. However, the flare duration was found to be 1.2 ks. Fig. 10 shows the rotationally modulated X-ray, UV (uvm2 filter), and optical (V band) light curves. Observations of the year 2008 were used for rotational modulation, where we have removed 5 http://heasarc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl the flaring feature from X-ray light curve. Optical and X-ray observations are ∼100 d apart. It appears that both X-ray and UV light curves were rotationally modulated. X-ray and UV light curves appear to be anti-correlated with V-band light curve. The Pearson correlation coefficients between X-ray and V band, and UV and V-band light curve were found to be −0.22 and −0.57, respectively.
The Swift XRT spectra of the star LO Peg, as shown in Fig. 11 , were best fitted with two temperature (2T) astrophysical plasma model (APEC; Smith et al. 2001) , with variable elemental abundances (Z). The interstellar hydrogen column density (N H ) was left free to vary. Since all the parameters were found to be constant within a 1σ level, we determined the parameters from joint spectral fitting. The two temperatures and corresponding emission measures were 0.28 ± 0.04 keV and 1.03 ± 0.05 keV, and 3.1 ± 0.9 × 10 52 cm −3 and 4.6 ± 0.6 × 10 52 cm −3 , respectively. Global abundances were found to be 0.13 ± 0.02 solar unit (Z ). The derived value of unabsorbed luminosity is given by 1.4
D I S C U S S I O N
Using the long-term V-band photometry, we have obtained mean seasonal rotation period of 0.4231 ± 0.0001 d, which is very similar to the previously determined period (Barnes et al. 2005) . For the first time, we have studied long-term variations in LO Peg. A long-term periodicity with periods of ∼2.2 and ∼5.98 yr appears to present in the light curve. However, a long-term continuous monitoring is necessary to confirm any long-term periodicity. The first period is also found to be similar to the latitudinal spot migration period derived from SDR analysis, which could be similar to the 11 yr cycle of the solar butterfly diagram. This type of activity cycle was also observed in similar fast-rotating stars such as AB Dor (Collier Cameron & Donati 2002; Järvinen et al. 2005a ) and LQ Hya (Messina & Guinan 2003) . In the SDR analysis, the decrease in photometric periods within most of the cycles is reminiscent of the sunspot cyclic behaviour, where the latitude of spot-forming region moves towards the equator, i.e. towards progressively faster rotating latitudes along an activity cycle, and spot groups were present within ±45
• latitude of LO Peg. This finding indicates that LO Peg has a solar-like SDR pattern. From spectroscopic analysis, Piluso et al. (2008) also detected the presence of such lower latitude spots. It is interesting to note that the slope of the rotational period on LO Peg varies and therefore SDR amplitude P (= P max − P min ) changes from cycle to cycle. Similar behaviour was also observed in AB Dor (Collier Cameron & Donati 2002) , BE Cet, DX Leo, and LQ Hya (Messina & Guinan 2003) . This resembles either a wave of excess rotation on a time-scale of the order of decades, or a variation of the width of the latitude band in which spots occur. LO Peg shows a change in rotation period from 0.431 33 to 0.417 43 d, which corresponds to ∼3 km s −1 change in vsini, which is nearly 15 times more than AB Dor. We have estimated the differential rotation on LO Peg with / ranging from 0.001-0.03, which is similar to that obtained by Barnes et al. (2005) . AB Dor and LQ Hya having very similar spectral class and periodicity showed similar feature with the star LO Peg. Derived values of / for AB Dor (Collier Cameron & Donati 2002) and LQ Hya (Berdyugina, Pelt & Tuominen 2002) are also similar to that for LO Peg. During more than two decades of observations only in 2003 September LO Peg was observed both photometrically (Taş 2011) and spectroscopically (Piluso et al. 2008) . In our SDR analysis, the first point of cycle-VI corresponds to that time interval (see Table 2 and Fig. 5 ). This time interval being at the starting of the cycle indicates the period corresponds to higher latitude. Therefore, we expect presence of spots on higher latitude on the surface of LO Peg. Piluso et al. (2008) have also found star-spot concentration towards the polar region.
A positive correlation between the absolute value of SDR and the stellar rotation period was predicted by dynamo models according to a power law (Kitchatinov & Rüdiger 1999) i.e. P α P n rot ; where P is the SDR amplitude, P rot is the rotational period and n is the power index. Kitchatinov & Rüdiger (1999) found that n varies with both rotation rate and with spectral type. This power-law dependence is confirmed by observational data (Hall 1991; Henry, Fekel & Hall 1995) , although the observational and theoretical values of n differ (see Messina & Guinan 2003) . Fig. 12 shows the plot between P and P rot of LO Peg with other 14 stars with known activity cycles and SDR (Donahue & Dobson 1996; Gray & Baliunas 1997; Collier Cameron & Donati 2002; Messina & Guinan 2003) . We found LO Peg (solid diamond) follows the same trend with the nearest candidate AB Dor. Including LO Peg, we derive the relation P α P
, which is very similar to the relations derived from other observational evidences such as n = 1.4 ± 0.5 (Messina & Guinan 2003) , n = 1.30 (Donahue & Dobson 1996) , and n = 1.15-1.30 (Rüdiger et al. 1998 ). This indicates the disagreement between the observational (n = 1.1-1.4) and the theoretical (n > 2) values of power-law index (Kitchatinov & Rüdiger 1999) .
Present surface imaging indicates that, in most of the cases the spots on LO Peg were concentrated in two groups separated by less than 180
• along the longitude. Indication of the flip-flop effect in LO Peg is quite similar to that observed by Korhonen, Berdyugina & Tuominen (2002) and Järvinen et al. (2005b) . The flip-flop phenomenon has been noticed for the first time by Jetsu et al. (1991) in the giant star FK Com. Later it was found to be cyclic in RS CVn and FK Com-type stars, as well as in some young solar analogues (e.g. Korhonen et al. 2002) . After its discovery in cool stars, the flipflop phenomena have also been reported in the Sun (Berdyugina & Usoskin 2003) . This phenomenon is well explained by the dynamobased solution where a non-axisymmetric dynamo component, giving rise to two permanent active longitudes 180
• apart, is needed together with an oscillating axisymmetric magnetic field . Fluri & Berdyugina (2004) suggest another possibility with a combination of stationary axisymmetric and varying non-axisymmetric components. It also appears that, the flip-flop cycle is approximately one-third of the latitudinal spot migration cycle.
Modelling of LO Peg reveals that the stellar surface is spotted up to 25.7 per cent, which is very similar to that found in K-type stars XX Tri (Savanov 2014) , V1147 Tau (Patel et al. 2013) , LQ Hya, and MS Ser (Alekseev 2003) . We did not see any relation between spottedness and cyclic behaviour or the rotational period. However, from the year 2005 to 2009 spottedness variation is found to be almost constant (shown in third panel of Fig 9) . At the same time duration, SDR analysis also indicates that the seasonal rotational period and hence the latitude of the spot groups also remains constant (see cycle-VII in second panel of Fig. 5 ). This suggests that the magnetic activities remains constant within that period of time. In all other cycles, the seasonal rotational period and hence latitudinal spot groups follows solar-like butterfly pattern with a ∼2.7 yr period. Whereas, spottedness variation does not show any periodic modulation. The observations of Set-8 (2003 September 11-October 30) are quasi-simultaneous with the spectroscopic observation of Piluso et al. (2008) . During this period, our analysis shows single spot at phase 210
• . Whereas Doppler imaging study of Piluso et al. (2008) shows a signature of low-latitude spot at phase ∼0.7. Correcting for the difference in ephemeris, we get the corresponding star-spot longitude to be ∼226
• , which is almost similar to our derived value. The longer time span used in the generation of surface map may cause the difference between the two longitude positions. The brightness variability amplitudes of LO Peg were found to vary from 0.06 to 0.19 mag. This value is very similar to variability amplitude of other K-type stars such as V1147 Tau (Patel et al. 2013) , LQ Hya , AB Dor (Järvinen et al. 2005a) , and MS Ser (Alekseev 2003) . Savanov (2014) detected the variability amplitude up to 0.8 mag in late-type star ASAS 063656-0521.0.
In our multiband photometric study, we detected a total of 20 optical flares with a frequency of ∼1 flare per two days. There are very few detailed studies of optical flares on UFRs due to constraints in their detection limit, detection timing, and very less flare frequency. Recent studies on optical flares done with ground-based observatories on DV Psc (Pi et al. 2014 ) and CU Cnc (Qian et al. 2012) show flare frequency of ∼2 flares per day and ∼1 flare per day, respectively, which is similar to that for LO Peg. However, several other studies done with Kepler satellite (Hawley et al. 2014; Lurie et al. 2015) on M dwarfs reveal that flare frequency varies over a wide range of ∼1 flare per month to ∼10 flares per day. In our study, we have also detected an X-ray flare simultaneously observed with the UV-band. Derived value of X-ray flare frequency is ∼3 flares per day. This suggests that LO Peg shows more activity in X-rays than in optical bands. Multiwavelength simultaneous studies of another UFR AB Dor also shows a similar behaviour (Lalitha et al. 2013) . This implies that the corona is more active in comparison to photosphere in these stars. Most of the flares are ∼1 hr long with a minimum and maximum flare duration of ∼12 min and ∼3. (Lalitha et al. 2013) , and DV Psc (Pi et al. 2014 ) studied in optical bands also lie in the same range. Several flares observed on M-dwarfs by Hawley et al. (2014) show similar feature but with a flare duration of ∼2 min. The derived flare amplitudes on LO Peg were found to be higher in shorter wavelengths than that in longer wavelengths (see two representative flares in Fig. 6 ). Similar feature was also found in multiwavelength studies of the flare on FR Cnc (Golovin et al. 2012) . Although most of the flares occurred on LO Peg show the usual fast rise and slow decay, there were a few flares that show the reverse phenomena. This was also previously observed on K-type star V711 Tau (Zhang et al. 1990) , which may be the result of complex flaring activity at the rise phase of the flare which could not be resolved due to instrumental limitations. Davenport et al. (2014) show the existence of complex flares with high-cadence Kepler data which can be explained by a superposition of multiple flares. Flare energies derived for LO Peg lies in the range of ∼10 31-34 erg. 17 out of 20 flares having energy less than 10 33 erg, signifies more energetic flares are less in number. With Kepler data, Hawley et al. (2014) also detected most of the flares on M dwarf GJ 1243 having energy of the order of 10 31 erg. One flare (F13) is found to have total energy more than 10 34 erg, therefore, this flare can be classified as a Superflare (see Candelaresi et al. 2014) . The derived energy of this flare was ∼10.5 times more than the next largest flare and 668 times more than the weakest flare observed on LO Peg. During the flare F13, the V-band magnitude increases up to 0.42 mag, similar enhancement in V-band mag also noticed in FR Cnc (Golovin et al. 2012) . We inspected the list of flares for further evidence of a correlation between flare timing and orientation of the dominant spot group. The phase minima as a function of flare phase is plotted in Fig. 13(a) , where we did not find any correlation. This finding is also consistent with the flare study of Hunt-Walker et al. (2012) and Roettenbacher et al. (2013) . From this result, we conclude that most of the flares on LO Peg may not originate in the strongest spot group, but rather come from small spot structures or polar spots. In order to check whether the spottedness on the stellar surface is related to occurrence rate of flare, we plotted the distribution of detected flares in each percentage binning of spottedness shown in Fig. 13(b) . Most of the flares detected on LO Peg are found to occur within a spottedness range of 13-18 per cent, with a highest number of nine flares occurred at a spottedness range of 16-17 per cent.
The coronal parameters derived in this study are very similar to that derived by Pandey et al. (2005) using ROSAT data. The corona of LO Peg consists of two temperature, which is similar to few UFRs such as Speedy Mic, YY Gem, and HK Aqr (Singh et al. 1999) , whereas it differs from other UFRs such as AB Dor, HD 283572, and EK Dra (Güdel et al. 2001; Scelsi et al. 2005) , which consists of three temperature corona. From the present analysis, light curve in X-ray and UV band were found to be anti-correlated with optical V band. This feature was also noticed in similar type of stars such as HR 1099, σ Gem, V1147 Tau, and AB Dor (Agrawal & Vaidya 1988; Lalitha et al. 2013; Patel et al. 2013 ) which indicates the presence of high chromospheric and coronal activity in the spotted region.
S U M M A RY
In this study, with ∼24 yr long photometric observations from different worldwide telescopes, and X-ray and UV observations obtained with Swift satellite, we have investigated the properties of a UFR LO Peg. The results of this study are summarized as below.
(i) The rotational period of LO Peg steadily decreases along the activity cycle, jumping back to higher values at the beginning of the next cycle with a cycle of 2.7 ± 0.1 yr, indicating a solar-like SDR pattern on LO Peg.
(ii) We have detected 20 optical flares, where the most energetic flare has energy of 10 34.2 erg whereas the least energetic flare has energy of 10 30.9 erg with flare duration range of 12-202 min. (iii) Our inversion of phased light curves show the surface coverage of cool spots are in the range of ∼9-26 per cent. Evidence of flip-flop cycle of ∼1 yr is also found.
(iv) Corona of LO Peg consist of two temperatures of ∼3 MK and ∼12 MK. Quasi-simultaneous observations in X-ray, UV, and optical UBVR bands show a signature of high X-ray and UV activities in the direction of spotted regions.
